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Abstract: Exciton intervalley scattering, annihilation and relaxation dynamics, and diffusive 
transport in a monolayer transition metal dichalcogenides are central to the functionality of devices 
based on them. This motivated us to investigate these properties in exfoliated high-quality 
monolayer MoSe2 using heterodyned nonlinear four-wave-mixing transient grating spectroscopy. 
While free exciton excitations are found to be long-lived (~230 ps), an extremely fast intervalley 
scattering (≤ 120 fs) is observed leading to a negligible valley polarization, consistent with steady 
state photoluminescence measurements. The exciton population decay shows an appreciable 
contribution from exciton-exciton annihilation reactions with an annihilation constant of ~ 0.01 
cm2s-1, which in addition leads to an extra contribution to the transient grating response. The 
underlying excitonic dynamics were numerically modeled by including exciton-exciton 
annihilation, also in the diffusion equation, which allows extraction of the diffusion constant, D 
~1.4 cm2s-1. Our results provide a method that allows for the disentanglement of the intricate 
dynamics involving many-body annihilation processes and a detailed characterization of the 
excitonic properties of monolayer MoSe2. 
 
Introduction: 
Monolayer transition metal dichalcogenides (TMDCs) are a novel type of two-dimensional 
materials which, following the  graphene upsurge1-3, are now taking central stage in the research of 
functional two dimensional materials4-10. In contrast to graphene, monolayer TMDCs display a 
variety of intriguing optical and physical properties emerging from the lack of inversion symmetry, 
reduction of dimensionality, strong excitonic effects11, 12, and strong spin-orbit interactions. These 
properties lead to the opening of a direct band gap4, 13, spin-valley-dependent optical transitions,8, 
14 and the valley Hall effect,15, 16 and make TMDCs promising candidate materials for photonic and 
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optoelectronic applications17-22 utilizing the valley polarization in the so-called valleytronics which 
has the potential to be integrated with spintronics23, 24 yielding multi-valley material applications. 
One of the most prominent properties in monolayer TMDCs are strongly enhanced optical 
transition at the band gap edges, the fundamental electronic excitations forming excitons, i.e. 
strongly Coulomb-bound electron-hole pairs. Due to the reduced electronic screening and the 
heavy effective mass of carriers, the exciton binding energy in TMDCs can reach several hundreds 
of meV,25, 26 which dominates the optical spectra even at room temperature. Since the optical 
performance depends crucially on the exciton relaxation dynamics, a detailed understanding of the 
dynamical behavior of the excitons after photo-excitation is pivotal for the development of 
applications in the field of optical and optoelectronic devices. Indeed, optical excitation properties 
and the associated relaxation dynamics in TMDCs have been extensively studied in the recent past 
using various ultrafast spectroscopic techniques. These studies revealed  many interesting and 
special properties, such as the optically induced giant band gap renormalization,27, 28 the strong 
valley-selective optical Stark effect29-31 and strong sample and excitation dependence of the exciton 
relaxation dynamics originating from both first and second order relaxation processes32-35. 
Although a variety of experimental and theoretical studies have been carried out to investigate the 
intrinsic exciton population dynamics in monolayer TMDCs, the transport properties of the optical 
excitations received less attention36-38 and provided a range of values for the diffusion constant 
without a consensus interpretation. Another intensively investigated property of monolayer 
TMDCs is the valley depolarization and the associated intervalley scattering dynamics. An often 
used method to study the valley polarization focuses on the steady state through polarized 
photoluminescence (PL) experiments.7, 8, 39 The intrinsic femtosecond and picosecond dynamics of 
the optically excited excitons has, however, received less attention, most likely due to the to lack 
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of efficient and proper methods to study this. For example in monolayer WS2, a very fast valley 
scattering (few ps27, 40) has been reported which is inconsistent with the large degree of valley 
polarization observed in steady state experiments41-43. The reason for this lies in intense optical 
excitation used in the time resolved experiments which cause a giant band gap renormalization 
with likely associated changes in the valley potential and the intervalley scattering processes. Very 
recently, in a chemical vapor deposition (CVD) grown monolayer MoSe2 sample, it was found that 
the valley polarization is relatively large and depolarization dynamics is excitation dependent.44 
The valley depolarization mechanism was explained in terms of simultaneous exchange of two 
excitons between valleys. However, this again seems to be in contrast to the nearly zero valley 
polarization observed for the exfoliated monolayer MoSe2, even at very low temperatures,
45, 46 
indicating a more complicated situation in the monolayer MoSe2.  
To resolve these issues we applied nonlinear heterodyned four-wave-mixing transient grating 
(HFWMTG) spectroscopy technique, combined with steady state polarized luminescence 
spectroscopy to exfoliated monolayer MoSe2. The HFWMTG technique allows determining the 
exciton-exciton annihilation rate, exciton free decay, and exciton diffusion dynamics 
simultaneously. Further, a special configuration of the HFWMTG polarization alignment of the 
laser beams allows investigating the valley scattering dynamics directly. It is found that exciton-
exciton annihilation processes not only strongly influence the population dynamics, but also has a 
profound effect on the HFWMTG dynamics, as it distorts the transient grating shape. To reliably 
extract the exciton dynamics and the diffusion coefficient we provide a general method to 
disentangle the dynamics in a system with strong many-body reaction decay processes such as the 
monolayer TMDCs. Except for extracting the exciton diffusion constant, furthermore we show that 
even though the excitons have a relatively long lifetime, the valley polarization dynamics is 
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extremely fast. This is in full agreement with the fact that PL experiments on exfoliated MoSe2 
show a nearly zero steady state valley polarization. 
 
Figure 1. Scheme of the key part of the four-wave-mixing heterodyned transient grating 
spectroscopy method using a BOXCAR geometry. Laser beams Pu1 and Pu2 act as excitation, laser 
beams Pr1 and Pr2 act as probe. The detector is placed in the propagation direction of beam Pr2. 
In this detection direction, beam Pr2 acts as both the heterodyne pulse for monitoring the grating 
signal resulting from interfering excitation by Pu1 and Pu2 and diffraction of Pr1, and the probe of 
the population signals from each pump of Pu1 and Pu2, respectively. The relative optical phase 
between Pr1 and Pr2 was controlled by a rotatable coverslip. When the polarization of beam Pu1 
and Pu2 are set parallel, a population grating is created, when polarizations of beam Pu1 and Pu2 
are set vertical to each other, a spin or valley grating is created.   
Experimental methods:  
Monolayer MoSe2 flakes were obtained by exfoliation with adhesive tape from a bulk single crystal 
and deposited on a c-cut sapphire substrate. First, a large area monolayer MoSe2 was identified 
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along with the multilayers by imaging with an optical microscope utilizing the large optical 
contrast. Further characterization of the MoSe2 flake was performed using steady state PL and 
Raman scattering spectroscopy. Raman and PL spectra were measured using a micro-Raman setup 
equipped with a triple stage spectrometer (Spectroscopy & Imaging GmbH) and a liquid nitrogen 
cooled (-120 °C) CCD detector (PyLoN 100; Princeton Instruments). PL spectra were obtained 
with a continuum laser excitation at either 532 nm or 780 nm (for valley polarization), and Raman 
spectra were measured using a continuum laser with center wavelength set to 532 nm. The laser 
pulses were focused on the sample using a microscope objective (20×, NA=0.4). Raman and PL 
signals were collected in a backscattering geometry. 
Ultrafast exciton relaxation and transport dynamics in the monolayer MoSe2 were measured 
simultaneously by HFWMTG. In the HFWMTG technique (Figure 1), the standard BOXCAR 
configuration47, 48 of the optical path alignment was employed. Two parallel propagating Gaussian 
laser beams (pump and probe) derived from the same laser source (Mira 900-F, Coherent) were 
focused on a phase mask (custom made transmission grating) which replicates the two incoming 
beams into four (Pu1, Pu1, Pr1, and Pr2, from each beam’s positive and negative first order 
diffraction). A spherical confocal mirror focuses the incoming four beams onto the sample, in 
which the intense replica (Pu1 and Pu2) act as excitation, to create an interference grating pattern 
along the sample. The spatially modulated excitation pattern is probed by the two weak probe 
beams Pr1 and Pr2. Beam Pr1 gets diffracted by the excitation induced grating in the sample, 
forming the transient grating signal in the sense of third order nonlinear optics. Due to the special 
geometry of the BOXCAR configuration, the transient grating signal follows exactly the beam 
direction of the specular reflected beam Pr2, which acts as a phase sensitive amplifying source to 
the signal and the phase can be adjusted by the angle of a microscope cover slip in its beam path, 
i.e. heterodyne detection. The heterodyned signal is then sent to a lock-in amplifier which detects 
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the probe signal at the 100 kHz frequency of the chopper (photoelastic modulator, PEM-90, Hinds 
Instruments) in the pump path. The laser has a repetition rate of 75 MHz, a pulse duration of ~200 
fs. To resonantly excite monolayer MoSe2 and minimize laser induced heating, the laser 
wavelength was tuned to 750 nm (~1.6 eV), corresponding to the lowest excitonic transition of 
monolayer MoSe2. Note that in the BOXCAR configuration, the detected signal also includes other 
two self-phase matching third order nonlinear components as the normal pump probe 
measurements, i.e. signals from Pu1 pump Pr2 probe and Pu2 pump Pr2 probe. These signals 
contain the same information and represent the transient transmission signals of the population 
decay dynamics only. To obtain both the transport and population dynamics simultaneously and in 
order to separate them, two-dimensional data traces were recorded by controlling both the time 
delay between the pump and probe (delay line control) and the optical phase difference between 
the both probe beams. For the population grating, both of the excitation beams (Pu1 and Pu2) are 
parallel linear polarized. While for the spin grating or valley grating,44, 49, 50 cross-polarized 
excitation laser beams were applied to generate a spatially modulated distribution of circularly 
polarized states with uniform intensity. To probe the valley grating, the two probe beams (Pr1 and 
Pr2) are also linearly cross-polarized to each other.44 
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Figure 2. Characterization of the mechanically exfoliated large size MoSe2 flakes on a c-cut 
sapphire substrate. (a) Optical microscope image. (b) Photoluminescence and (c) Raman spectra of 
monolayer and bilayer MoSe2. The spectra were recorded with a continuum laser at 532 nm, using 
an excitation effective power of ~10 μW at the sample position and with a beam spot diameter of 
~ 3 μm. 
 
Results: 
Figure 2 (a) shows the optical microscopy image of large size exfoliated flakes of the MoSe2 on a 
c-cut sapphire substrate. The monolayer region obtained here has a size of ~100 µm × 50 µm, and 
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is cling by a relatively smaller size of bilayer and other multilayers. The layer properties of the 
mechanically exfoliated flakes were further examined by the steady state PL and Raman spectra, 
as presented in Figure 2 (b) and (c), respectively. The PL spectrum of the monolayer MoSe2 has a 
peak centered at ~ 1.57 eV and a peak width (full width at the half maximum, FWHM) of ~ 40 
meV, corresponding to the lowest excitonic transition. The bilayer PL spectrum shows a broadened 
and red shifted peak centered at ~ 1.54 eV. These PL results are consistent with previous reports 
for mechanically exfoliated MoSe2.
51, 52 Note that the obtained PL signal for the bilayer is ~ 36 
times weaker than the PL spectrum of the monolayer under the same measurement conditions, 
indicating an indirect-to-direct band gap transition from bilayer to monolayer. In the measured 
Raman spectra, both monolayer and bilayer exhibit very similar features, as both have two major 
peaks, one located at around 251 cm-1, ascribed to the A1g optical phonon mode, and the other 
located at around 294 cm-1, ascribed to the E2g phonon mode.
51, 53-55 Comparing to the A1g mode 
peaks, the E2g peaks are much weaker in both the monolayer and bilayer. The A1g mode peak in 
the bilayer is slightly stronger than that in monolayer. Although the difference in Raman spectra 
cannot easily be used alone as a discrimination of number of layers, these observations of Raman 
scattering coincide with previously reported results of Raman spectra of layered MoSe2.
51, 53, 55  
Typical heterodyned population transient grating signals for the monolayer MoSe2 are presented in 
figure 3, at an excitation intensity of ~13.8 μJcm-2 (corresponding to an exciton density ~2.6 × 
1012cm-2). For detection of the population related dynamics, the polarizations of the two pump 
beams are set parallel to each other. Figure 3 (a)-(c) present a few representative examples of the 
measured two-dimensional data for varying both the pump-probe delay and the optical phase 
difference of the heterodyne pulse. As it can been seen clearly, in the first tens of ps time range, a 
slight phase shifting of the grating signal occurs, indicating the necessity of the two dimensional 
recording in order to guarantee the precise measurement of the grating dynamics. From these two 
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dimensional transients data, population dynamics (constant offset level of the sinusoidal signal) 
and grating dynamics (amplitude of the sinusoidal signal) can be conveniently extracted56 by a 
routine fitting procedure. The extracted population (Spop) and grating (SGR) transients are presented 
in figure 3 (d) and (e), respectively. Here, Spop represents the pure exciton population dynamics 
while SGR contains both information of the population and diffusion dynamics.  Apparently, the 
grating signal SGR in figure 3(e) decays much faster than that of the population in figure 3(d), 
indicating a significant diffusion contribution to the dynamics in the exfoliated monolayer MoSe2. 
This is a very different observation compared to the results obtained for the CVD monolayer 
MoSe2
44 where the excitation dynamics show no diffusive contribution at all. 
Before fully analyzing the exciton population and diffusion dynamics, the excitation density effects 
on both of the population and grating dynamics were examined by varying the pump laser 
intensities over an order of magnitude. Figure 4 (a) shows the extracted population dynamics as 
treated in figure 3 (d) but at different laser pump intensities. As the pump intensity increases, the 
population decay is clearly speeding up. Such an observation is again in contrast to the situation of 
the CVD grown monolayer MoSe2, in which the population decay has no excitation density 
dependence44. This indicates that in the exfoliated monolayer MoSe2, besides the free exciton 
recombination dynamics, a many-body reaction is involved, i.e. the exciton-exciton annihilation 
process plays an important role in the exciton population dynamics. 
 11 
 
Figure 3. Population and transient grating signals of monolayer MoSe2 extracted from the two-
dimensional data traces of the heterodyne detection at an excitation intensity of ~13.8 μJcm-2 (~2.6 
× 1012cm-2) for a grating period of  ΛTG=2 μm. (a)-(c) Signals as a function of the heterodyne phase 
difference between two probe pulses scanned at different delay times. Black dots show the 
experimental data, red curves correspond to a sinusoidal fit. (d) Extracted population dynamics. (e) 
Extracted transient grating dynamics. Dashed lines in (a)-(c) indicate the phase shift and in (d)-(e) 
indicate the half lifetimes of the decay dynamics. 
To analyze these observed excitation density dependent dynamics more conveniently, we simply 
expressed (see supplementary information) the time dependent population density N(t) as:  
 N(0) /N(t) - 1= [k1+ N(0) k2]t                                                    (1)  
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Here N(0) is the initial exciton density created by the pump pulses at zero delay time, k1 and k2 are 
the free exciton decay and exciton-exciton annihilation rates, respectively. Equation (1) presents a 
very compact and intuitive description of the population dynamics: the ratio (N(0)-N(t))/N(t) is 
simply linearly proportional to the delay time t, while the slope is dependent on the initial excitation 
density if second order recombination dynamics plays a role. Indeed, as shown in figure 4 (b), this 
is exactly what is observed for the density dependent dynamics. Global fitting (green lines) of the 
data (symbols) using formula (1) yields satisfying agreement, yielding a first order rate constant k1 
= (230 ps)-1, and a second order constant k2 = 0.01 cm
2s-1.  
 
Figure 4. Excitation intensity dependent exciton population dynamics in exfoliated monolayer 
MoSe2. (a) Raw data. (b) Normalized data (Spop(0)-Spop(t))/Spop(t) showing a linear dependence on 
the delay time. Dots are experimental data and lines are obtained from a global fit. Fitted free 
exciton decay rate k1= (230 ps)
-1 and exciton-exciton annihilation constant k2 = 0.01 cm
2s-1 as 
indicated in the inset of (b). 
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Conventionally, grating dynamics are discussed using first order dynamics only. Figure 5 (a) 
(squared dots), however, shows that also the grating-signal decay is accelerated with increasing 
excitation density. This acceleration is caused by two aspects: the exciton-exciton annihilation 
dependent population dynamics, and the inhomogeneous distortion of the grating pattern due to 
spatial-intensity-dependent annihilation which influences the grating diffraction efficiency. For the 
latter, specific model simulations and the derivation of new formulas are in order, which will be 
addressed in detail in the discussion part. 
 
Figure 5. Transient grating signals of monolayer MoSe2 and simulated results with numerical 
solution of the diffusion equation (3) at different excitation densities. (a) Experimental data 
(colored dots) and simulated dynamics (green curves). (b) Extracted exciton diffusion constants at 
different exciton densities revealing a diffusion constant D ~1.4 cm2s-1. Inset in (b) indicates the 
exciton densities obtained from the laser parameters calibration and this simulation. 
Lastly we interrogated the valley depolarization dynamics in the exfoliated monolayer MoSe2. To 
perform these measurements, the electric field of the two pump (and probe) beams are set to be 
 14 
cross-polarized. As presented in figure 6, the extracted valley grating signals show extremely fast 
valley depolarization dynamics at both the lower excitation intensity (~ 1.5 × 1011 cm-2) and the 
higher excitation intensity (~1.6 × 1012 cm-2) regime. Fitting the data traces with a Gaussian 
function with a FWHM of ~170 fs shows consistency with the decay dynamics for both exciton 
densities. The fitted FWHM matches the autocorrelation pulse width of our laser pulse (FWHM ~ 
120 fs), indicating that the valley polarization decay dynamics is extremely fast, below the time 
resolution of our setup. 
 
Figure 6. Valley depolarization dynamics in exfoliated monolayer MoSe2 at different excitation 
densities. (a) At the excitation density of ~ 1.5 × 1011 cm-2. (b) At the excitation density of ~ 1.6 × 
1012 cm-2. Dots display the extracted grating decay signal from experiments and red lines are 
Gaussian fits with a full width at half maximum of ~ 170 fs. 
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Discussion: 
In the general case, where the grating dynamics only involves the free particle decay, the relation 
between grating decay rate and the population decay rate can be simply described by57-59: 
τ-1G = τ-1P + q2D      (2) 
where τG and τP are the observed grating and population decay lifetime constants, q is the grating 
wave vector which is proportional to the inverse of the grating period (q=2π/ΛTG, ΛTG is the grating 
period created in the sample), and D is the diffusion constant. This relation can be readily derived 
under the assumption that the grating decay is uniform without any spatial distortion during the 
time evolution. This assumption holds if there is only first order decay of free particles. However, 
if there are second order decay channels, i.e. here the exciton-exciton annihilation dynamics, such 
processes will induce spatially dependent recombination which will introduce distortion of the 
grating pattern with time. To describe the dynamics quantitatively and to understand the grating 
evolution more clearly, we include the exciton-exciton annihilation term in the diffusion equation:  
𝜕𝑁(𝑥,𝑡)
𝜕𝑡
= 𝐷
𝜕2𝑁(𝑥,𝑡)
 𝜕𝑥2
− 𝑘1𝑁(𝑥, 𝑡) − 𝑘2𝑁
2(𝑥, 𝑡)     (3) 
and numerically solve it for given parameters D, k1 and k2 and initial sinusoidal grating pattern. 
For an illustration example, a real-time population grating shape evolution with delay time was 
simulated with presumed parameters and presented in figure 7.  As it can be seen, in the first few 
ps after laser induced excitation, the grating keeps its initial sinusoidal shapes, while for delays 
larger than 10 ps the spatial distortion becomes clearly visible, in which the peaks are suppressed 
and broadened, while the valleys get relatively narrowed.  
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Figure 7. Demonstration plots of a numerically solved transient grating pattern at different delay 
times including both the free exciton decay and the second order exciton-exciton annihilation 
processes. The initial sinusoidal grating is distorted with delay time due to the second order reaction 
and exciton diffusion. The diffracted signal from this kind of grating can be calculated based on 
physical models (see supplementary).  Parameters to generate these gratings are: free exciton decay 
rate k1= (100 ps)
-1, exciton-exciton annihilation rate k2 = 1 cm
2s-1, diffusion constant D = 1 cm2s-1 
and grating period ΛTG = 2 μm. Temporal evolution of the grating pattern was obtained by solving 
the diffusion equation (3) numerically. 
The grating distortion induces changes in the diffraction efficiency, and hence in the grating 
signals. Based on a simple absorptive material model, the grating signal arising from the distorted 
grating can be written as (see supplementary):  
STG(t) ∝ ∫ 𝐼0(𝑥)𝑁(𝑥, 𝑡)𝑐𝑜𝑠(𝑞𝑥)d𝑥      (4) 
 17 
in which I0(x) is the spatial profile of the probe laser beam, and N(x,t) is the distorted population 
grating pattern in space and time, which can be obtained by solving equation (3) numerically. By 
doing this, the experimentally extracted grating decay data at different excitation densities can be 
well simulated, as shown by the green lines in figure 5 (a), leading to a excitation density 
independent diffusion constant D ~ 1.4 cm2s-1, as presented in figure 5(b). We also compared the 
initial populations at different excitation intensities resulting from the simulations to those 
obtained by estimating the laser induced exciton density from the pulse energy of the excitation 
laser pulses and the material absorption parameters. The good agreement found (see inset figure 
5b) gives further validation of the model used.  
Although, exciton-exciton annihilation processes are commonly observed phenomena in many 
crystalline materials60-64, the first observation of this phenomenon in monolayer TMDCs is in an 
exfoliated monolayer MoS2, where a moderate annihilation constant of 0.04 cm
2s-1 was found.32 
Later on in different samples of monolayer WS2, conflicting and confusing results have been 
reported, including statements that the annihilation process is absent65, is highly efficient33  with 
a huge annihilation constant of 0.41 cm2s-1, or is less efficient with annihilation constant around 
0.1 cm2s-1.34, 35 These inconsistent results may be understood by the different defect densities in 
specific samples. In samples with a larger defect density, excitons would be less likely to meet 
each other, resulting in a smaller value of the annihilation rate. Here the observed annihilation 
rate value (~ 0.01 cm2s-1) in the exfoliated MoSe2 of our sample is smaller than that of an 
exfoliated monolayer MoS2,
32 which is reasonable considering the much easier oxidation of 
selenide comparing to sulfide, which might cause more oxidation defects in MoSe2.  
The obtained diffusion constant D = 1.4 cm2s-1 is much smaller than the previously reported result 
in the exfoliated monolayer MoSe2.
37 Similarly to the exciton-exciton annihilation rate, a possible 
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reason is that the exfoliation process unintentionally introduced defects are different. Perhaps 
there are more vacancies in our sample, which lead to a higher trapping probability and hence 
limit the diffusion. However, such a large difference more likely has its origin in the applied 
measurement method and the significant contributions of second order exciton annihilation to the 
dynamics. Using the obtained diffusion constant of 1.4 cm2s-1, we can estimate the exciton 
effective mass Mex using the Einstein relation: D ≈ kBTτ/Mex, where kB is the Boltzmann constant, 
T is temperature (~300 K) and τ is the exciton de-coherence time (~34 fs as follows from the PL 
experiments, see supplementary). This yields an effective exciton mass of 1.1m0 (m0 is the 
electron rest mass), which is close to value expected from the valence and conduction band 
dispersions of the K valley of monolayer MoSe2.
66, 67 This agreement further supports our detailed 
analysis of the HFWMTG experiments and the validity of the obtained rate and diffusion 
constants. Interestingly, a recent transient grating spectroscopy experiment38 showed that the 
exciton-exciton annihilation effect in a high-quality mechanically exfoliated monolayer WSe2 
also has huge influence on both the population and grating dynamics. The reported diffusion 
constant value (D = 0.7 cm2s-1), however, is again found to be much smaller than estimated 
previously from other methods36, 68 in which exciton-exciton annihilation was not considered.  
The observed extremely fast valley depolarization (≤120 fs) indicates extremely small steady state 
valley polarization at room temperature. Concerning simple rate equations to model the imbalance 
of the valley excitons the measured steady state valley polarization can be related to the valley 
scattering and population lifetimes6, 69: 
P =1/(1+2 τp/τv)       (5) 
in which τp and τv are exciton population and valley scattering lifetime. Using the population 
lifetime τp ~230 ps and valley scattering lifetime of ~120 fs as derived from our experiments, a  
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nearly zero steady state valley polarization degree is obtained, consistent with most of the steady 
state PL measurements at room temperature, as shown in the supplementary materials and also to 
previously reported results even at extremely low temperatures.45, 46 In the past, the exciton 
intervalley scattering mechanism in TMDCs has been either explained in terms of interaction with 
longitudinal acoustic phonons69-71 or as a consequence of the so called electron-hole exchange 
interaction.72-75 These two mechanisms can explain observations for most monolayer TMDCs and 
predict valley scattering lifetimes in the order of a few ps, however exceptions exist for monolayer 
MoSe2 and MoTe2,
45, 76, 77 which both show negligible steady state circular polarization degree. 
This conundrum has been solved by a recent model calculation78 in which a fluctuating Rashba 
potential is considered. This fluctuating Rashba potential field strongly enhances the mixing of 
dark and bright exiton states in monolayer MoSe2 due to the very small energy difference
79 between 
the two states. From the model the calculated intervalley scattering time is less than 1 ps, well in 
line with our experimental observation.   
Conclusions: 
In conclusion we have systematically investigated the exciton intervalley scattering, and population 
and transport dynamics in an exfoliated monolayer MoSe2 at different excitation densities using 
four-wave-mixing heterodyned transient grating spectroscopy. The exciton valley depolarization 
is found to be extremely fast (≤120 fs) while the exciton population decay is much slower (~230 
ps), in line with the absence of valley polarization in steady state PL measurements. The extremely 
fast intervalley scattering can be understood in terms of a fluctuating Rashba potential induced 
mixing of dark and bright exciton states. The transient grating dynamics have been found to be 
strongly affected by second order exciton-exciton annihilation. Using an approach which takes this 
properly into account we found an excitation density independent diffusion constant of ~1.4 cm2s-
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1. Apart from providing detailed knowledge of the exciton dynamics in exfoliated monolayer 
MoSe2, the present results also provide a method to better describe the transient grating response 
in systems where many-body annihilation plays an important role.  
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Supplementary for ‘Excitonic Transport and Intervalley Scattering in 
Exfoliated MoSe2 Monolayer Revealed by Four-Wave-Mixing Transient 
Grating Spectroscopy’ 
 
1) Population dynamics including the free exciton decay and exciton-exciton annihilation and 
the derivation of the linear time dependence: 
The exciton relaxation dynamics can be described by a rate equation  
d𝑁(𝑡)/d𝑡 =  −𝑘1𝑁(𝑡) – 𝑘2𝑁
2(𝑡) ,                                         (s1) 
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where 𝑁(𝑡) is the time dependent exciton density, and 𝑘1  (𝑘2 ) is the first (second) order rate 
constant. Solving equation (s1) analytically gives 
 
                1/𝑁(𝑡)  =  [1/𝑁(0)  +  𝑘2/𝑘1]exp(𝑘1𝑡) −  𝑘2/𝑘1,                                  (s2) 
in which 𝑁(0) is the initially excited exciton density. Since the effective lifetime of the first order 
reaction is usually much longer compared to that from the second one, i.e. 𝑘1 <<  𝑘2𝑁(𝑡), in this 
condition and in the short time range, we can safely expand exp (𝑘1𝑡)  to (1 + 𝑘1𝑡) and (s2) 
becomes: 
         𝑁(0) /𝑁(𝑡) − 1 =  [𝑘1 +  𝑁(0)𝑘2]𝑡                                        (s3)  
The right side of (s3) is linearly dependent on the delay time 𝑡 and the slope constant is excitation 
density 𝑁(0) dependent if the second order annihilation decay play a role.  
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Figure S1. Diffraction of the probe beam line (a-e) by a transient population grating. Upper 
and lower panels indicate the initial grating at delay time zero with sinusoidal and later time 
distorted shapes, respectively. The diffraction signal detected at point Q comes from 
integrated contributions of all the probe beam lines impinged at different position of the 
transient grating.  
 
2) Modeling of the diffracted signal from a distorted grating 
Here we consider the grating signal, which is from the diffraction of the probe beam, by taking into 
account optical interaction between the incident probe beam and the sample, i.e. the absorption and 
reflection effects due to the sample and the substrate. The temporal evolution of the laser induced 
transient grating is shown in figure S1. At the delay time zero the grating has a sinusoidal shape. 
With delaying time the grating decays due to the relaxation processes of pump induced excitons 
and their diffusion along the excitation landscape gradient towards lower excitation areas. This 
equilibration affects the grating shape in such a way that the grating amplitude shrinks and the 
sinusoidal shape gets distorted due to the second order relaxation of the exciton-exciton 
annihilation. However, the phase relation of local grating extrema stays fixed, i.e. the phase factor 
is the same as for the initial sinusoidal one. Thus, at the detection position Q, it is clear that 
detraction from light line a and d are in phase, c and f are in phase, while a and c are out of phase. 
For a random light line e which hits on the grating at position x, the diffraction is proportional to a 
phase factor cos(q𝑥), with q =  2π/ΛTG and ΛTG  is the grating period in the sample. Therefore, 
the total diffraction signal at point Q can be expressed as: 
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                  𝐸𝑠 ∝ ∫ 𝐸𝑠
𝑥cos(𝑞𝑥)d𝑥                                                            (s4) 
Here, 𝐸𝑠
𝑥  corresponds to a uniform transmitted field amplitude of the probe determined by the 
material.  
In order to estimate  𝐸𝑠
𝑥 , we consider the approximation of an extreme thin sample, as indicated 
by Fig. S2. Here, the phase change of the light can thus be ignored. Such a treatment is valid as the 
thickness of the monolayer sample (few nm) is much smaller compared to the wavelength of the 
laser beams (750 nm). We also consider the fact that usually a pump induced change of reflection 
is 1-3 orders smaller than that of the absorption, so we treat the reflection as constant with and 
without pump. The diffracted light field (proportional to the transmitted filed) is then given by: 
𝐸𝑠
𝑥 ∝ √𝐼0(1 − 𝑅1)(1 − 𝑅2)exp(−α𝐿)  ∝ √𝐼0 (1-0.5α𝐿)                                        (s5) 
where I0 is the probe beam intensity, α is the absorption coefficient of monolayer MoSe2, and L is 
the thickness of the monolayer sample. Note that here, we define population dependent α to be 
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Figure S2. Transmitted field intensity of the initial probe light intensity I0 after interaction 
with the monolayer MoSe2 and the sapphire substrate. In the transient grating 
measurements, the amplitude of the diffracted light field is proportional to the amplitude of 
the transmitted light field. 
 
 
α = 𝜎 NV = 𝜎 NS L-1,                                                                   (s6) 
in which, 𝜎 is the effective absorption cross section, NV and NS are unit cell density per volume 
and per area seen by the probe pulse, i.e. the yet non-excited fraction that gives absorption after the 
pump. So, we can write 
NS = N0 - Nexc                                                                               (s7) 
In which N0 is the initial unit cell density without pump, and Nexc is the pump excited one, i.e. the 
transient population part.  
Insert (s6) and (s7) into (s5), we have 
           𝐸𝑠
𝑥 ∝ √𝐼0 (1 −
1
2
𝑁0𝜎 +
1
2
𝑁exc𝜎)                                         (s8) 
In addition, we need to take into account the field amplitude of the heterodyne detection beam EP, 
which is also proportional to √𝐼0 , so that the transient grating signal 𝑆TG has now to be expressed 
as: 
𝑆TG ∝ 𝐸𝑠𝐸𝑝 ∝ 𝐼0 ∫ (1 −
1
2
𝑁0𝜎 +
1
2
𝑁exc𝜎) cos(𝑞𝑥)d𝑥 
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                     =  
1
2
𝜎𝐼0 ∫ 𝑁exccos(𝑞𝑥)d𝑥                                              (s9) 
The value for Nexc is the numerically determined exciton distribution according to the diffusion 
equation including the exciton-exciton annihilation, as described in the main text. In this way, the 
complete dynamics can be simulated to the experimental data, and diffusion constants can be 
obtained. 
Moreover, we can further show that the above derived expression of the transient grating signal is 
general and can be viewed as an extension to the case with only the free exciton decay included. 
To do so, we start with the bare one-dimensional diffusion equation but neglect the quadratic term 
in the excitation density 𝑁exc. 
𝜕𝑁exc(𝑥,𝑡)
𝜕𝑡
= 𝐷
𝜕2𝑁exc(𝑥,𝑡)
 𝜕𝑥2
− 𝑘1𝑁exc(𝑥, 𝑡) − 𝑘2Δ𝑁𝑒xc
2(𝑥, 𝑡)                            (s10) 
and assume the initial excited spatial grating distribution to be: 
𝑁exc(𝑥, 𝑡 = 0) =
𝑁0
exc
2
[1 + cos (𝑞𝑥)]                               (s11) 
Solving the diffusion equation and respecting the boundary condition for the initial excitation 
density one finds for the spatio-temporal evolution of the excitation density: 
   𝑁exc(𝑥, 𝑡) =
𝑁0
exc
2
{exp(−𝑘1t) + cos(q𝑥) ∙ exp[−(𝑞
2𝐷 + 𝑘1)𝑡]}                   (s12) 
Here, 𝑞 =
2𝜋
ΛTG
 is the modulus of the grating wave vector and 𝐷 is the diffusion constant. The first 
term in the right side of (s12) gives the overall recombinative and spatial independent relaxation 
like in standard pump-probe experiments and the second term monitors the time evolution of the 
spatial modulated excitation density, i.e. the transient grating dynamics. Plugging (s12) into the 
expression (s9) and perform the integration in the symmetrical space region of the transient grating 
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from – Δ𝑥 to + Δ𝑥, where Δ𝑥 = 𝑛 ⋅ ΛTG  covers an integer number of the grating period ΛTG, we 
have: 
𝑆TG(𝑡) ∝
1
2
𝜎𝐼0
𝑁0
exc
2
exp[−(𝑞2𝐷 + 𝑘1)𝑡] ∙ 2Δ𝑥 
∝ exp[−(𝑞2𝐷 + 𝑘1)𝑡] 
≝ exp [−
𝑡
τTG
]                                                   (s13) 
In the last step we defined the grating decay rate 
1
τTG
= 𝑞2𝐷 + 𝑘1. The overall relaxation encoded 
in the grating signal has two components corresponding to the different decay channels, namely 
the population decay rate 𝑘1 and the diffusive component 𝑞
2𝐷. This result is consistent with the 
standard result from the traditional transient grating principles. 1-4 
 
3) Steady state valley polarization of the monolayer MoSe2 
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Figure S3. Circular polarized PL of exfoliated monolayer MoSe2 and the calculated degree 
of valley polarization. The measurements are carried out with a continuum laser at 780 nm. 
RL: The excitation is induced by a right circularly polarized laser and detection is selected 
to the left circularly polarized PL (black line), RR: the excitation is induced by a right 
circularly polarized laser and the right circularly polarized PL is detected (red line). Blue 
line is the degree of valley polarization calculated according to: P = (RR-RL) / (RR+RL). 
 
4) Estimation of the exciton dephasing time 
At room temperature, the linewidth of the exciton given by the PL spectra is around 40 meV. This 
finite width has its origin in the contribution of both the inhomogeneity and homogeneity 
broadening. For the inhomogeneity part, we note that at very low temperature (~10 K), the width 
of the measured PL is around 10 meV,5 which we take as an approximation of the inhomogeneity 
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width. The homogeneity broadening line width ℏΔv at room temperature is estimated to be around 
38.73 meV by taking the deconvolution, which gives an exciton de-phasing time τ ≈ (πΔv)-1 = 34 
fs due to thermo effect induced exciton-phonon and exciton-exciton collision.  
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